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ABSTRACT 


ZlreoniuE  dlbjrlde  povders  from  two  producers  were  combined 
with  20^  by  weight  of  either  cobalt,  chromium,  nickel,  or  a mix- 
ture of  cobalt  plus  chromiiom.  Compacts  and  bars  were  formed  using 
the  techniques  of  powder  metallurgy  and  fired  In  an  argon  atmos- 
phere at  temperatures  exceeding  the  melting  point  of  the  metals. 

A discussion  of  the  phases  present  before  and  after  firing,  as 
determined  by  X-ray  techniques,  is  presented.  Photomicrographs 
showing  fired  porosity  and  microstructure  of  the  specimens  are 
discussed.  Modulus  of  rupture  determinations  and  tests  for  oxi- 
dation resistance  at  2000°F  were  made.  The  mixtures  tested  'wcrs 
fcund  to  have  only  moderate  strength.  Their  oxidation  resistance 
was  too  low  for  them  to  be  considered  for  use  at  2000®F  in  oxi- 
dizing atmospheres. 
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rj^XAL  UUWUi^D  ZlfiCONIU>J  DIBORIDE 


I.  INTRODUCTION 

The  exacting  requirements  of  the  materials  suitable  for 
components  of  modern  flight  propulsion  units  have  been  set 
forth  (Ref.  1,  2,  and  3)  tho  literature  many  times.  This 
investigation  vas  actuated  to  study  bodies  composed  of  zirconium 
diboride  bonded  with  various  metals  in  order  to  determine  whether 
or  not  the  properties  of  such  bodies  would  allow  their  being  con- 
sidered for  use  as  materials  for  components  of  flight  propulsion 
units. 


II.  DISCUSSION  OF  THE  PROBLEM 

1.  Literature  Review 

Bodies  of  boron-bonded  zirconium  dl boride  have  been  reported 
(Ref.  V)  to  have  outstanding  high  temperature  strength,  oxidation 
resistance  and  thermal  shock  resistance.  Such  bodies,  however, 
were  found  (Ref.  5)  to  be  unsuitable  for  use  as  gas  turbine  blades 
in  Jet  engine  application.  Their  brittleness  and  associated  lack 
of  impact  strength  proved  to  be  the  cause  of  failure. 

One  investigation  (Ref.  6)  revealed  the  formation  of  complex 
borides  by  the  reaction  of  transition  metals  of  the  iron  group 
with  ’’zirconium  boride”  or  with  any  boride  of  the  metals  of  the 
IV,  V,  and  VI  group.  In  that  investigation,  attempts  to  bond 
zirconium  diboride  with  metallic  materials  more  ductile  than  boron 
were  unsuccessful. 

Bodies  composed  of  zirconium  diboride  bonded  with  nickel  and 
cobalt  have  been  compounded  (Ref.  6 and  7).  While  all  of  these 
bodies  exhibited  low  modulus  of  rupture  strengths  and  poor  resis- 
tance to  oxidation,  the  ones  bonded  with  cobalt  and  formed  into 
rocket  nozzles  were  reported  to  perform  outstandingly  well. 

2.  Selection  and  Properties  of  Materials 

Zirconium  dlborlde  was  selected  as  the  base  ingredient  for 
the  experimental  cermets  because  when  hot  pressed  without  addi- 
tives, it  was  reported  to  have  good  high  temperature  strength, 
oxidation  resistance  and  thermal  shock  resistance. 

Considerable  information  is  available  on  the  system  Zr-B  as 
the  result  of  the  work  of  Glaser  and  Post  (Ref.  8),  Norton,  Blu- 
menthal  and  Slndeband  (Ref.  9)  and  Kiessling  (Ref.  10).  Zirco- 
nium dlboride  is  an  inters  cl tial  compoi  r.d  having  a simple  hexagonal 
structure  of  the  C32  type.  The  aforementioned  authors  are  in  very 
close  agreement  on  the  lattice  constants  and  density  of  zirconium 
dlboride.  The  lattice  constants  and  Cq  are  given  as  3*  170a 
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and  3*533^  respectively,  rhe  ratio  c/a  Is  given  as  1.11.  The 
density  of  zirconium  dlboride  is  given  as  6.09g/cc  and  its  melting 
point  as  3040*0. 

Glaser  and  Post  (Ref.  8)  have  proposed,  and  present  evidence 
for,  the  existence  of  three  compoiands  in  the  system  Zr-B.  These 
are  zirconium  dlboride  (ZrB2)j  zirconium  monoboride  (ZrB),  and 
zirconium  dodecaborlde  (ZrB225«  Of  these  compovmds,  only  ZrB2  is 
reported  to  be  stable  in  the  presence  of  carbon.  ZrB  reacts  with 
carbon  to  form  ZrB2  and  ZrC  (zirconium  carbide),  while  ZrB^? 
reacts  with  carbon  to  form  ZrB/>  plus  a boron-carbide  phase  (Ref . 
8). 


Zirconium  dlboride  has  been  found  (Ref.  11)  to  be  stable  In 
the  presence  of  nitrogen  up  to  105)0®C. 

Thermal  analyses  of  zirconium  dlboride  powders  show  (Ref.  12) 
a strong  exothermic  reaction  at  625’C. 

The  selection  of  the  bonding  metals  listed  below  was  based 
on  melting  point,  oxidation  products,  ductility,  availability  and 
on  the  results  of  previous  investigations. 


M.P. 

Density 

Crystal 

Metal 

■ g/PP 

Structure 

Co 

2723 

8.90 

FCC  3. 55^+1 

Ni 

2650 

8.90 

FCC  aj,  3.5l68i 

Cr 

3270  + 90 

7.19 

BCC  2.8796i 

Melting  points  and  densities  are  froui  the  Metals  Handbook. 
American  Society  for  Metals,  (19'<^);  Crystal  structure  data 
are  from  Wyckoff's  Crystal  Structures.  Volume  I,  Interscience 
Publishers,  New  York,  New  York. 

III.  Experimental  Procedure 

All  boride  and  metal  powders  used  in  this  investigation 
were  commercial  products.  Chemical  analyses  and  particle  size 
of  the  powders  as  received  from  the  producers  are  listed  in 
Table  I. 

In  the  initial  phases  of  the  study,  Norton  Co.  zirconium 
diboride  (ZrBp^)  with  an  Initial  particle  size  of  4o  microns  and 
finer  was  further  reduced  by  milling  it  for  50  hours  in  a tung- 
sten carbide  mill.  Tungsten  carbide  balls  were  used  as  the 
grinding  media  and  methanol  as  the  mill  llnuld. 

The  slurry  from  the  mill  was  transferred  to  a clean  container 
and  allowed  to  stand  in  air  until  the  methanol  had  evaporated. 
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This  produced  a cake  which  was  ground  In  an  agate  mortar  to  pass 
a 40  mesh  screen.  The  rest^ltlng  powder  was  then  used  as  a stand- 
ard source  of  milled  Norton  Co.  ZtB2» 

The  milling  operation  required  close  supervision  since  there 
appeared  to  be  a reaction  between  the  methanol  and  the  ZrB2.  Such 
high  pressures  were  produced  that  Iv  was  necessary  to  vent  the 
mill  periodically  In  order  to  prevent  its  end  plates  from  being 
dislodged.  The  end  product  was  assumed  to  be  either  trlmethvl- 
borlne  (0112)38  (Ref,  I3)  or  methyl  borate  (083)38203  (Ref.  l4). 

In  spite  of  this  evidence  of  reaction  no  undesirable  effect  on 
the  ZrB2  could  be  detected. 

In  view  of  the  apparent  reaction  noted  j ben^erie  was  tried  as 
a mill  liquid.  It  seemed  to  be  quite  Inert  to  the  ZrBo  but  the 
fired  body  produced  from  the  milled  material  was  considerably  less 
resistant  to  oxidation  than  those  prepared  with  methanol.  The  use 
of  methanol  was  therefore  continued. 

The  first  experimental  bodies  (D-1  through  D-7)  were  pre- 
pared by  combining  the  proper  amounts  of  the  minus  4o  mesh  dlbor- 
Ide  and  minus  3OC  mesh  cobalt  metal  powders  In  an  agate  mortar , 
adding  benzene  to  facilitate  mixing  and  then  mlxlng-grlndlng  until 
the  benzene  had  evaporated.  The  dry  mixture  was  passed  through  a 
4o  mesh  screen.  Cylindrical  specimens  one-half  Inch  In  diameter 
and  approximately  three-eighths  Inch  high  were  then  made  by  dry 
pressing  In  a hardened  steel  mold  to  50,000  psi. 

The  cunposltlons  of  all  bodies  and  pertinent  data  with  regard 
to  their  batch  mixing  are  given  In  Table  II. 

The  cylindrical  specimens  were  fired  in  dried,  oxygen-free 
argon  In  a tungsten  resistance  furnace..  The  heating  element  Is 
In  the  form  of  a helical  coll  constructed  to  surround  the  specimen. 
A photograph  of  the  furnace  assembly  Is  shown  In  Figure  1. 

The  specimens  were  brought  up  to  the  maximum  firing  tempera- 
ture shcvTi  In  Table  III,  In  about*  one -half  hour,  held  at  tempera- 
ture for  one-half  hour  and  then  allowed  to  cool  with  the  I'tirnace. 

Each  fired  cylinder  was  cut  In  half  with  a diamond  saw. 

One  half  was  retained  to  be  mounted  for  microscopic  examination. 

If  such  was  warranted,  and  the  other  was  crushed  and  ground  to 
pass  a 20c  mesh  screen.  Powders  so  prepared  were  then  x-rayed 
with  a Korolco  Geiger  Coxxnter  X-ray  Spectrometer  equipped  with  an 
Iron  tube.  The  resulting  x-ray  patterns  were  analyzed  to  deter- 
mine if  reactions  had  occurred  between  constituents  or  if  any 
other  signs  of  thermal  alteration  could  be  detected:  Identifi- 
cation of  the  phases  present  was  made  by  comparison  of  the  Inter- 
planar  ("d")  spaclngs  with  those  recorded  In  the  ASTM  Index  or 
by  comparison  with  patterns  made  of  the  separate  constituents 
prior  to  firing. 
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In  the  initial  testy  body  No.  D-1  composed  of  80  veight 
per  cent  of  Norton  Co.  end  20  per  cent  of  cobalt  was  investi- 

gated. When  it  was  fired  In  argon  at  temperatures  up  to  3200®F 
a hard  strong  body  with  only  moderate  shrinkage,  expressed  as 
per  cent  of  the  unflred  dimension,  resulted.  The  evident  tendency 
of  the  body  D-1  to  develop  a sound  fired  structure  was  encouraging 
but  x-ray  studies  Introduced  some  complications.  The  patterns 
showed  the  presence  of  zirconium  carbide  and  some  imidentlfied 
phases  which  might  have  been  due  to  alteration  of  the  bonding 
metal . 

In  attempting  to  properly  interpret  such  results  certain 
known  factors  were  oonsidsred.  The  ZrB''  used  (cf  Table  I’i 
contains  about  0.5  per  cent  of  free  carbon.  After  synthesis,  the 
ZrBo  was  reduced  in  size  by  the  manufacturer  to  325  mesh  by 
grinding  it  in  mills  employing  boron  carbide  balls.  The  presence 
of  B4.C  in  the  "as  received"  material  was  apparently  substantiated 
by  a peak  in  the  x-ray  pattern  which  corresponded  to  the  principal 
line  cf  B4C.  Both  B4C  and  carbon  are  undesirable  in  diboride- 
base  cermets  because  the  binder  metals  would  react  with  any  B4.C 
and  to  a lesser  extent  with  carbon  to  form  metal  borides  and 
carbides. 

Attempts  were  made  to  eliminate  B4C  and  free  carbon  from 
the  Norton  Co.  ZrB2  by  additions  of  either  5 or  10  per  cent  of 
zlrconivun  metal  powder.  It  was  thought  that  the  Zr  might  react 
%rith  any  BuC  or  carbon  in  the  mixture  to  form  ZrB2  and  ZiC*  Such 
batches,  with  Zr  additions,  were  pressed  into  compacts  which  were 
fired  at  3*+00®F  in  argon.  This  "pre-reacted"  material  was  crushed 
and  ground  to  minus  3^5  mesh.  The  powder  was  mixed  with  20  per 
cent  by  weight  of  minus  3C0  mesh  cobalt  aiKl  cylinders  pressed 
from  the  restiltlng  mixture.  Vfhen  fired  at  3W0®F  these  specimens 
were  weak  and  porous.  Their  x-ray  patterns  showed  appreciable 
quantities  of  sirconla  (Zr02)  to  be  present.  The  peak  correspond- 
ing to  2. 38a  also  persisted  which  was  a strong  indication  that  it 
was  not  due  to  B4C  as  was  Initially  thought  to  be  possible.  Zlrco- 
niiim  hydride  (ZrH2)  was  substituted  for  Zr  in  body  D-7b  in  an 
attempt  to  remove  any  oxygen  present  dvirlng  firing  but  no  improve- 
ment in  the  fired  bodies  could  be  noted. 

Since  attempts  to  improve  Norton  Co.  ZrB2  with  zirconium 
were  unsuccessful,  some  means  of  purification  were  sought.  Since 
iron  was  known  to  be  present,  the  milled  ZrB2  was  leached  with 
10^  acetic  acid  and  then  washed  with  distilled  water  and  methanol 
to  remove  it,  and,  it  was  hoped,  any  other  metallic  contaminants. 

Cylinders  prepared  from  body  D-7  (805S  processed  Zr32  and 
205^  Co)  were  fired  at  temperatures  comparable  to  those  used  for 
body  D-1  in  which  unleached  ZrB2  was  used.  Some  improvement  in 
both  fired  structure  and  density  was  noted. 

All  mixing  of  metal  powders  and  ZrB2  had  been  done  by  hand 
up  to  this  time-  To  investigate  the  affeett  of  more  intimate 
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■Ixlng.  tho  oeapcnsnts  of  body  D-7a  (80J?  acid  loachad  ZrB?- 
20%  Co)  were  milled  together  for  20  hours  in  methanol  in  the 
tungsten  carbide  mill.  Fired  specimens  of  this  body  shoved 
appreciable  improvement  in  structure  when  compared  to  body  D-7. 
Although  the  powders  must  have  been  reduced  somewhat  in  particle 
size  during  the  additional  milling  time,  the  Improvements  noted 
were  believed  to  be  largely  due  to  the  more  intimate  mixing 
obtained.  Since  20  hours  of  mixing  by  ball  milling  was  foiind  to 
be  definitely  beneficial,  it  was  later  practiced  in  the  fabri- 
cation of  bars  to  be  used  for  physical  property  determinations. 

In  view  of  the  results  described  abov^*,  Norton  Co.  ZrB2 
was  used  in  additional  bodies  containing  oither  nickel  or 
chromium  as  the  binder  metal  (Bodies  D-9a  and  D-11  respectively). 

The  ZrB2  which  had  been  reduced  in  particle  size  by  50  hour®  of 
milling  in  methanol  and  then  acid  leached  was  intimately  mixed 
with  the  selected  binder  metal  by  20  hours  of  milling.  The  bodies 
so  prepared  and  then  fired  were  found  to  have  good  sound  structures. 
This  work  plus  that  done  on  cobalt  bearing  bodies  established  the 
proper  techniques  to  use  with  Norton  Co.  ZrB2  and  also  tho 
approximate  firing  ranges  of  the  various  metal  - ZrB2  combinations. 

Because  of  the  relatively  low  purity  of  Norton  Co.  ZrB2,  a 
saiiple  of  "high  purity"  ZrB2  had  been  obtained  from  the  American 
Electro  Metals  Corporation,  Yonkers,  New  York.  Experimentation 
with  this  material  %ras  began  at  this  time. 

The  information  obtained  from  the  foregoing  experiments 
concerning  fabricating  and  firing  techniques  made  it  feasible  to 
convert  from  a cylindrical  ^o  a be.r  type  specimen  from  which  more 
useful  information  could  be  obtained.  Body  preparation  and 
forming  techniques  were  also  standardized. 

Norton  Co.  ZrB2  was  prepared  by  subjecting  the  "as  received" 
material  to  a 50  hour  grind  in  methanol  in  the  tungsten  carbide 
mill.  The  dried,  milled  powder  was  leached  with  10^  acetic  acid 
and  then  subjected  to  two  washings,  first  with  distilled  water 
and  then  with  methanol.  The  American  Electro  Metal  ZrB2i  was 
neither  subjected  to  the  50  hour  grind  nor  the  acid  leaching 
since  it  had  a nominal  average  particle  size  of  2-4  microns 
and  was  reported  to  be  quite  pure  as  received. 

Body  mixtures  containing  ZrB2  from  either  of  the  vendors 
noted  were  proportioned  by  weight  and  mixed  by  20  hours  of  milling 
in  methanol  in  the  tungsten  carbide  mill.  The  resulting  slurrle5< 
were  dried  in  air  and  then  granulated  through  a 4o  mesh  screen. 

To  facilitate  the  forming  of  the  bars,  five  per  cent  by  weight 
of  Carbowax  4C00  was  added  as  a lubricant.  The  wax  was  dissolved 
In  hot  benzene  and  the  solution  added  to  the  dry  body.  Tho 
mixture  was  stirred  in  an  agate  mortar  until  the  benzene  had 
evaporated.  It  was  then  graniilated  through  a 4o  mesh  screen 

The  granulated  material  was  pressed  at  30?000  psi  to  a 
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thickness  of  about  0.25  Inch  in  a hardened  steel  siold  vith 
Inside  dimensions  of  2.96  in.  by  0.40  in.  Since  considerable 
difficulty  was  experienced  with  pressure  cracks  in  the  pressed 
bars,  a change  was  made  to  hydrostatic  pressing.  This  eliminated 
pressure  cracking.  In  hydrostatic  pressing,  the  bars  were  ”pre- 
formed"  by  pressing  the  powders  at  5000  psi.  They  were  then 
encased  in  thin-walled  rubber  cylinders  and  subjected  to  a pres- 
sure of  40,000  psi  in  a hydrostatic  pressing  chamber  containing 
glycerine. 

Adequate  dewaxing  was  accomplished  in  a circulating  atmo- 
sphere of  argon  in  a small  electric  furnace  that  was  specially 
constructed  for  such  purposes.  The  fxirnace  was  slowly  brought 
up  to  a maxloram  temperature  of  ^/5"i^'  &nd  held  there  for  about 
two  hours. 

Each  dewaxed  bar  was  cut  in  half  with  a hack  saw  to  form  two 
bars  about  1 3/S  Inches  in  length.  These  bars  were  fired  In  the 
tungsten  rasistance  furnace  shown  in  Figure  2.  The  heating  ele- 
ment consists  of  32  tungsten  rods  0.065  inch  in  diameter  and  14- 
Inches  long,  hanging  vertically  and  so  arranged  as  to  enclose  a 
heating  chamber  2 In  x 3.5  In  x 12.5  in  deep. 

One  half  of  the  rods  are  suspended  from  each  of  two  water 
cooled  copper  electrodes,  xnese  two  groups  of  rods  are  connected 
ait  the  botton  by  a molybdenum  "shorting"  rinn^  to  form  a parallel- 
aeries  circuit.  The  element,  assembled  as  described,  is  enclosed 
within  two  concentric,  cylindrical  molybdenum  disks.  Power  is 
supplied  to  the  furnace  through  a bank  of  three  transformers 
rated  at  30  KW  at  20,5  volts  which  can  be  connected  in  several 
ways  through  a series  of  switches  to  give  five  coarse  voltage 
control  steps.  Fine  control  in  each  step  is  obtained  with  a 220 
volt  variac  transformer.  The  primary  voltage  to  the  transformers 
is  220  volts  and  by  the  means  described  above  the  secondary 
voltage  can  be  varied  continuously  from  0..0  to  20.5  volts. 

The  specimens,  during  firing,  were  located  in  the  center  of 
the  chamber  on  a graphite  block  suspended  by  four  graphite  rods, 
zirconium  dlborlde  (ZrB2)  and  zirconia  (ZrOp)  powders  were  used 
to  separate  the  bars  from  the  graphite  block.  Zirconia  was  the 
more  satisfactory  as  the  binder  metals  in  the  cermets  would  wet 
the  pevdsred  ZrB2  and  cause  it  to  stick  to  the  bars.  The  temper- 
a'tare  was  measvured  by  sighting  an  optical  pyrometer  on  the  speci- 
men through  a glass  prism  located  on  top  of  the  furnace  shell. 

No  corrections  were  made  for  absorption  by  the  prism  or  for 
variations  in  emlsslvlty. 

A mechanlcul  pump  was  used  to  evacuate  the  furnace  chamber 
to  a pressure  of  100  microns  of  mercury  or-  less.  Dried,  oxygen- 
free  argon  was  then  Introduced  into  the  furnace  until  the  pressure 
in  the  chamber  slightly  exceeded  eight  cm  of  mercury  above  atmo- 
spheric pressure.  At  this  pressure  the  argon  circulated  through 
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the  system  and  escaped  through  a column  of  mercury.  After 
flushing  the  system  for  about  five  sc-'^ntes,  the  argon  was  cut  off 
and  the  furnace  evacuated  again.  Argon  was  then  readmitted  to 
the  furnace  and  allowed  to  circulate  for  the  first  five  minutes 
of  the  firing  cycle.  Thereafter  the  argon  was  cut  off  and  firing 
proceeded  la  a static  argon  atmosphere  at  a pressure  of  eight  cm 
of  mercury  above  atmospheric  pressure. 

Initially,  a firing  schedule  of  two  hours  was  used.  In  this 
case  the  heating  was  too  rapid  and  some  of  the  specimens  cracked 
badly.  When  the  time  taken  to  reach  maxlmtua  temperature  was 
increased  to  five  and  six  hours,  sound  bars  were  obtained.  With 
the  slower  rate  of  heating,  the  specimens  were  at  a temperature 
well  above  ths  melting  point  of  the  bonding  metal  phase  for  a 
considerable  period  of  time  and  at  the  final  temperature  for 
from  two  to  three  minutes.  The  specimens  were  then  allowed  to 
cool  with  the  furnace. 

The  faces  o^r  oIao  fired  bars  were  ground  flat  on  a diamond 
grinding  whssl  to  prepai*e  them  for  modulus  of  rupture  determina- 
tions. The  apparatus  initially  used  for  modulus  of  rupture  tests 
was  designed  in  the  Department  of  Theoretical  and  Applied  Mechanics 
at  the  University  of  Illinois.  It  1»  shown  in  Figure  3*  Compen- 
nation  for  warpage  in  the  bar  or  for-  non-parallelism  of  the  faces 
was  made  by  movements  of  the  knife  edges.  The  advantages  of  this 
apparatus  were  offset  by  the  difficulty  of  its  adjustment  and  the 
time-consuming  nature  of  the  operation.  A second  device  for  modu- 
lus of  rupture  testing  (Figure  4)  was  therefor©  constructed  which 
had  fever  adjustments  but  at  the  same  time  had  sufficient  flexi- 
bility to  compensate  for  minor  inaccuracies.  Both  devices  were 
mounted  in  a lever  loading  type  Tlnlus  Olsen  machine.  The  breaking 
span  was  1.0  inches  for  both.  It  was  possible  to  apply  load 
either  by  a hand  crank  or  a variable  speed  electric  motor  but  the 
hand  crank  was  used  since  the  slowest  possible  rate  of  mechanical 
loading  seemed  to  be  too  rapid.  With  the  hand  crank,  however,  some 
variation  in  loading  was  unavoidable. 

One  half  of  each  bar  broken  in  cross  bending  was  used  to 
determine  bulk  density  by  the  suspended  weight  method.  Values 
reported  are  therefore  the  averages  of  several  determinations. 
Zylene  (sp  gr  0.8641)  was  used  as  the  saturating  and  suspending 
medium.  Saturation  was  accomplished  by  exposing  a container  in 
which  the  specimens  were  immersed  to  a partial  vacuum.  An  an-^ly- 
tical  balance  was  used  to  make  all  weighings. 

One  half -bar  of  each  body  was  mounted  in  luclte  for  micro- 
scopic study  of  the  structure  in  the  as-fired  condition.  A second 
half -bar  was  crushed  and  ground  to  pass  a 200  mesh  screen  and  the 
yowder  x-rayed  to  check  the  results  previously  obtained  with  cylln- 
Jrloal  specimens. 

Other  halves  of  modulus  of  rupture  test  bars  were  used  to 

a i-.omparatlve  test  of  the  resistance  of  these  bars  to 
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oxidation.  The  specimens  were  placed  on  an  Inconel  plate  and 
exposed  at  OOO®?*  to  the  normal  atmosphere  of  a small  electric 
furnace.  S.<parate  sets  of  specimens  were  oxidized  at  5,  10,  1?, 

20,  and  60  hours.  The  effects  of  the  oxidation  treatments  were 
determined  by  visual  inspections,  x-ray  diffraction  and  micro- 
scopic examination  of  the  bodies. 

Each  oxidized  specimen  was  sawed  into  two  parts  with  a dia- 
mond cut  off  wheel.  One  half  was  crushed  in  a hardened  steel 
uortar  to  pass  a 200  mesh  screen.  The  powders  were  x-rayed  with 
the  Norelco  unit  and  the  resulting  patterns  analyzed  to  deter- 
mine the  products  of  oxidation.  The  cut  face  of  the  other  half 
was  grovind  flat  on  a diamond  grinding  wheel  and  the  specimen 
mounted  In  luclta  In  preparation  for  polishing. 

The  polishing  of  all  fired  specimens,  either  oxidized  or 
unoxidized,  was  a difficult,  time  consuming  task.  Felt  lap 
wheels  impregnated  with  coarse  and  then  fine  diamond  dust  were 
first  used.  The  felt  ‘’ap  was  kept  saturated  with  methanol  to 
provided  adequate  lubrication.  Some  difficulty  was  experienced 
in  this  respect  since  if  the  felt  was  allowed  to  get  too  dry, 
both  specimen  and  lucite  mounting  would  get  hot.  Cracked  and 
imsatisfactory  mounts  were  the  result.  Using  extreme  care, 
however,  polished  sections  could  be  obtained  with  this  technique. 

The  technique  \rtiich  was  adopted  involved  a rough  grind  on 
either  a lap  covered  with  2^  grit  silicon  carbide  paper  and 
wetted  with  water  or  on  a glass  plate  covered  with  600  mesh 
boron  carbide  suspended  in  oil.  The  specimens  were  then  trans- 
ferred to  a felt  covered  lap  wheel  impregnated  with  a medium  fine 
diamond  finishing  compound  suspended  in  spindle  oil.  A second  felt 
covered  lap  wheel  impregnated  with  extra  fine  diamond  finishing 
compound  in  kerosene  was  then  used.  Rouge,  on  a felt  covered 
w>’eel,  was  used  for  a brief  final  polishing  to  emphasize  tlie 
details  of  the  internal  structure  of  the  body. 

ly.  RESULTS  AHD  DISCUSSION 

1.  X-ray  Analyswa 

Musn  the  ZrB2  from  the  two  different  sources  was  x-rayed  in 
the  "as  received"  condition,  two  interplanar  spacings  were  obtained 
in  each  case  which  were  sot  listed  in  the  "d"-8paclngs  adopted  as 
standard  for  this  investigation.*  These  spacings  were  equal  to 
3.04a  and  2.39i  and  corresponded  to  peaks  on  the  Norelco  patterns 
(Figure  5)  at  37.3*  and  47.8*,  respectively.  These  peaks  persisted 
In  the  x-ray  patterns  of  all  subsequent  experimental  bodies-  The 
bodies  were  quite  diverse  in  composition  and  in  many  instances 
contained  ingredients  that  would  have  reacted  with  any  logical  con- 
taminants to  which  these  extra  peaks  could  be  attributed.  It  was 


* Since  no  standard  Interplanar  spacings  for  ZrB2  are  recorded  in 
the  ASTK  Index,  the  values  adopted  for  this  compound  were 
obtaliied  from  the  Norton  Company. 
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therefore  concluded  that  they  were  characteristic  of  the  partic- 
\ilar  stocks  of  ZrB2  used.  They  were  so  considered  in  the  anal- 
yses of  all  x-ray  resialts. 

Processing  Norton  Co.  ZrB2  by  ball  milling,  acetic  acid 
leaching,  and  washing  with  water  and  then  methauhol  caused  a minor 
change  in  the  x-ray  pattern  (Figure  5).  An  additional  peak 
appeared  at  V5.O®  (2,53A)  which  was  probably  duo  to  tungsten  car- 
bide (WC)  picked  up  from  the  mill  and  balls  during  grinding.  Fir- 
ing this  processed  material  without  additives  resulted  in  further 
changes  as  can  be  seen  in  Figure  5»  The  peak  at  45.0®  disajppeared 
but  additional  peaks  appeared  at  50.2®  (2.2Sa),  (2.10a'  and 

43,4®  (2.61a).  The  peak  at  50.2®  probably  was  due  to  alpha  W2C 
'i»;ich  was  formed  from  the  WCj  The  latter  two  peaks  did  not  occur 
in  the  patterns  when  ZrB2  from  either  company  was  fired  "as 
received*'  which  shows  that  they  were  not  due  to  thermal  alteration 
of  some  constitcent  in  the  original  material.  The  same  two  peaks 
were  also  present  in  most  of  the  patterns  subsequently  obtained 
for  fired  metal-ZrB2  combinations,  regardless  of  the  source  of  the 
ZrBp  or  the  metal  added.  These  peaks  usually  appeared  in  the  same 
pattern  but  in  isolated  cases  the  peak  for  the  2.6IS.  line  occurred 
without  that  for  the  2.10a  line.  Such  results  Indicate  the  form- 
tion  of  a definite  structure  - directly  due  to  processing  and  fir- 
ing - in  those  bodies  which  contained  milled  ZrB2.  The  material 
responsible  for  the  two  extraneous  lines  coiild  not  be  Identified. 
It  is  probable,  as  will  be  explained  later,  that  they  are  due  to  a 
slrconium-base  material. 


The  possibility  that  these  peaks  might  be  due  to  a zlrconlum- 
boron-oxygen  compoxind^  formed  during  firing  from  residues  from  the 

on  the  Zi*B2.  was  discounted  when  attempts 
nd  by  beating  different  combinations  of 
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More  complex  results  were  obtained  when  the  fired  bodies  of 
the  cobalt  series  were  x-rayed.  Comparison  of  the  patterns  in 
Figure  6,  which  are  typical  of  this  group,  with  those  in  Figure  5 
shows  that  several  new  peaks  appeared. 


Study  of  all  the  patterns  for  this  group  disclosed  that  Zr02, 
as  well  as  the  material  responsible  for  the  two  lines  2.61  and 
2.10a,  was  present  in  all  the  bodies  to  which  only  cobalt  had  been 
added.  Almost  every  x-ray  pattern  also  had  a moderately  strong 
peak  corresponding  to  a "d**-spacing  of  1.99A*  One  exception  was 
that  of  body  D-12  which  vsontained  oC$  AEMC  ZrB2. 

The  indications  of  the  presence  of  elemental  cobalt  in  those 
bodies  were  inconsistent,  although  20,  25,  and,  in  one  special 
case,  30?b'  was  added.  Similar  results  were  noted  in  an  investiga- 
tion of  cobalt  bonded  TIC  in  which  cobalt  could  not  be  detected 
in  amounts  up  to  30%  (Ref.  16).  Wyckoff  (Ref.  17)  mentions  that 
cobalt  may  be  altered  by  grinding  so  that  mixed  packing  of  cubic 
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and  hexagonal  modifications  results.  In  this  case  many  of  the 
x-ray  reflections  become  diffuse.  Similar  conditions  may  have  been 
encoxontored  In  this  investigation. 

In  addition,  in  the  patterns  of  the  cobalt  series,  peaks 
vhlch  were  generally  very  small  and  which  corresponded  to  ”d"- 
spaclngs  of  2.69,  2.33?  1.66  and  1.46  Angstroms  appeared  for  the 
first  times.  However,  not  every  one  of  these  appeared  in  every 
pattern  and  none  of  them  appeared  in  the  pattern  of  body  D-12. 

These  may  indicate  the  presence  of  ZrC  but  this  Identification  is 
made  with  reservations  in  view  of  the  possibility  that  the  lines 
may  be  due  to  a solid  solution  of  ZrC  and  Zrfi.  It  is  theorized 
that  these  peaks  did  not  appear  in  the  pattern  of  body  D-12  because 
the  firing  temperature,  2830®F,  of  this  body  was  below  that  neces- 
sary for  solution.  Some  support  is  given  to  this  theory  from  the 
patterns  for  all  bodies  which  contained  binder  metals.  It  was 
noted  that  the  relative  intensities  of  the  peaks  under  discus- 
sion increased  directly  with  firing  temperature. 

The  p'''«sibllltles  for  the  formation  of  a solid  solution  of 
ZrC-ZrB  are  based  on  the  following  factors.  While  these  are 
presented  during  the  discussion  of  the  bodies  of  the  cobalt  series, 
the.  same  considerations  apply  to  all  metal  bonded  bodies. 

The  mono boride  of  zirconium,  which  was  reported  to  have  an 
%-ray  pattern  identical  to  that  of  ZrC,  has  been  proposed  (Ref.  8). 
ZrB  is  considered  unstable  &c  room  temperature  In  the  presence  of 
0.55^  or  more  of  carbon,  reverting  to  ZrB2  and  ZrC  (Ref.  8),  How- 
ever, it  has  been  reported  that  the  temperature  dependence  of  the 
cubic  mcncborldes  can  be  'eliminated*  through  small  percentages  of 
the  parent  carbide  in  solid  sol\itlon.  With  about  weight 

ZrC  in  solution  with  ZrB,  its  temperature  range  can  be  -xtended  to 
the  melting  point”  (Ref.  1$). 

In  this  investigation,  the  height  of  some  of  the  peaks  - 
which  is  an  indication  of  iho  amount  of  the  phase  present  - attri- 
buted to  ZrC  are  such  that  it  la  difficult  to  account  for  enough 
carbon  contamination  to  produce  so  much  of  the  compound.  But  if 
ZrB  was  formed  by  a reduction  of  the  boron  content  through  the  action 
of  the  methanol,  the  proposed  ZiC-ZrB  solid  solution  could  easily 
bo  present  in  amounts  sufficient  to  produce  the  sizes  of  peaks  en- 
countered. Therefore,  although  the  **d”-spaclngs  under  discussion 
are  referred  to  in  this  report  as  identifying  ZrC,  it  should  be  kept 
in  mind  that  this  phase  nviy  be  a solid  solution  which  Includes  ZrB 
and  z.rC. 

A special  body  was  prepared  to  demonstrate  that  the  lines 
2.69,  2=61.  2,33t  2.10,  1.66  and  1.46  Angstroms  could  conclusively 
be  associaied  with  zirconium  compounds.  Tnis  was  composed  of  205^ 
Co-^r%  B4C-76^  Norton  Co.  processed  ZrB2  and  it  was  fired  at  2950®F. 

The  addition  of  4%  B4C  to  the  Co-Zr52  combination  was  expected 
to  provide  an  excess  of  boron  so  that  any  possible  deficiency  of 
this  element  in  the  processea  zrB2  would  be  alleviated.  Since  it 
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was  knovn  that  is  aore  stable  than  either  ZrB  or  ZrC,  these 

vere  not  expected  to  be  present  after  the  body  had  been  fired, 
me  boroB  frca  the  Bi+C  would  react  with  the  ZrC  and  ZrB  to  form 
ZrB2*  Any  boron  in  excess  of  the  requirements  for  these  conver- 
sions would  react  with  the  cobalts 

The  x-ray  pattern  of  this  body  (Figure  6)  showed  that  the 
oxdy  zirconium  compounds  present  were  ZrBo  and  Zr02<>  There  was 
some  evidence  that  the  carbon  had  combined  with  the  cobalt  to  form 
cobalt  carbide  (C03C)  and  strong  evidence  that  cobalt  monoboride 
(CoB)  had  formed. 

The  patterns  (Plgtire  7)  of  bodies  D-9a  and  D-13,  which  con- 
tained N1  and  Norton  or  ABMC  ZrB2»  respectively,  showed  that  ele- 
mental Hi,  Z2*32,  Zr02  and  "ZrC"  were  present  after  firing.  The 
2.10a  line  was  present  In  the  pattern  of  body  D-I3  (AEMC  ZrB2) 
but  not  in  that  of  body  D -9a.  Moderately  strong  peaks  equivalent 
to  ’'d"-spacings  of  1,92A  and  1.621  were  also  obtained  for  body  D-13. 
Neither  of  these  was  Identified  with  any  specific  compound. 

Analysis  of  the  x-ray  patterns  (Figure  6)  of  the  two  chro- 
mium bonded  bodies  revealed  the  presence  of  Cr,  ZrB2,  Zr02  and 
"ZrC".  It  was  noted  that  elemental  ch3*omlum  was  much  more  strongly 
Indicated  In  body  D-Jl  than  in  D-lM-  and  also  that  body  D-l4  pro- 
duced a line  at  2.10a  while  body  D-11  had  one  at  1.991.  No  logi- 
cal explanation  for  this  erratic  behavior  has  been  developed. 

The  x-ray  pattern  of  body  D-I8  (Figure  9)  which  contained  lOjC 
Cc-lC^  Cr  - 80^  AEMC  ZrB2  showed  that  the  two  metals  formed  a 
solid  solution  as  was  desired.  This  fired  body  also  contained 
Zr02,  "ZrC"  and  the  same  unidentified  phases  which  had  been  encoun- 
tered In  other  bodies. 

2.  Microscopic  Examination 

Photomicrographs  of  all  compositions  at  lOOX,  as  shown  in 
Figures  10  through  17,  were  made  to  compare  their  porosities.  The 
photomicrographs  are  scinewhat  misleading  since  an  unidentified 
solid  phase  cannot  readily  be  differentiated  from  the  actual  velds. 
This  condition  is  exemplified  by  cobalt  bonded  body  D-12  which 
shows  (Figure  13)  a -large  number  of  dark  areas  and,  apparently,  a 
lilgh  porosity.  Examination  of  the  same  body  at  lOOOX  (Figure  ^1) 
showed  that  most  of  the  black  areas  were  a solid  phase  of  glass- 
like  texture  and  color.  Chromium  boixied  bodies  contained  the  least 
amounts  of  this  unidentified  phase.  For  example,  the  dark  areas 
;sho\m  in  Figure  12  (chromium  bonded  ZrB2)  are  voids  while  those  In 
Figure  13  (cobalt  bonded  ZrB2)  are  ft  mixture  of  voids  and  the  uni- 
dentified phase.. 

Body  D-11,  chromium  bonded  ZrBo^,  had  an  unusual  fired  structure 
which  may  be  seen  In  Flg<.re  12.  WltMn  the  body  were  small  granules 
separated  from  the  matrix.  They  were  the  result  of  Incomplete 
breaking  up  of  the  cako  of  the  freshly  ground  body  mixture  during 
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the  granulating  process.  This  left  small,  hard  nodules  composed 
of  particles  in  very  Ixitlmate  contact  by  virtue  of  the  settling 
action  of  the  solids  during  the  evaporation  of  the  methanol. 

Forming  pressures  wer€j  not  high  enough  to  crvish  them  and  the  loose 
powder  surrounding  them  was  not  compacted  to  an  equivalent  dens- 
ity. When  fired  there  was  a differential  shrinkage  svifflcient  to 
separate  ths  nodules  from  the  matrix.  The  internal  cracks  so 
introduced  had  a detrimental  effect  on  the  modulus  of  rxipture  as 
may  be  seen  from  the  res'ilts  summarized  in  Table  III. 

Microscopic  examination  of  all  of  the  bodies  at  lOOCX 
revealed  several  general  characteristics.  The  structure  of  all 
bodies  consisted  of  a continuous  ZrB2  skeleton  filled  in  with 
the  binder  metal.  There  appear-ed  to  be  very  little  d.ifference  in 
the  structure  of  the  ZrB^  from  the  two  different  sources. 

Growth  of  the  ZrB^  grains  was  evident  in  every  case.  As  can 
be  seen  from  the  photomicrographs  in  Figures  18  through  25,  the 
structures  of  the  skeletons  and  of  the  individual  grains  varied 
depending  upon  the  metal  used.  Cobalt  promoted  the  formation  of 
large,  well  rounded  grains.  When  nickel  was  used,  the  ZrB2  grains 
were  smaller  and  possibly  slightly  more  angular.  With  chrcmiom, 
the  grain  size  of  the  dlboride  was  similar  to  that  in  the  nickel 
bodies  but  the  grains  were  more  angular  and  tacked  together  at 
edges  and  ends  to  form  the  skeleton.  Also,  the  skeleton  appeared 
to  be  more  continuous.  The  most  prominent  examnle  of  grain  gro'Jth 
occurred  in  the  cobalt-chromium  bonded  body  D-lo  (Figure  25) . 

It  is  possible  that  grain  growth  was  affected  by  the  degree 
of  fluidity  of  the  metal  during  the  maturing  fire.  The  firing 
temperatures  used  approached  tho  melting  point  of  chrcalua  bat 
were  200®F  or  more  above  the  melting  point  of  cobalt. 

An  unidentiflod  phase,  dark  brown  to  black  in  color  and  with 
a vitreous  luster,  was  present  to  some  extent  in  every  body.  Some 
grains  were  semi-transparent.  When  observed  in  its  various  forms, 
the  term  "glass-like"  seemed  to  aptly  descri  phase . It  was 

not  affected  by  long  laissrslcn  in  hot  water  and  the  HF-KNOo-CH^OH 
etching  solution  attacked  it  only  to  about  the  same  degree'^as  it 
did  the  ZrB2.  Though  visually  strongly  resembling  a glass,  some 
hesitancy  was  felt  in  positively  identifying  it  as  such  since  the 
formation  of  a highly  stable  glass  from  materials  available  in  the 
experimental  compositions  seemed  unlikely.  Thin  phase  appeared  In 
the  largest  amounts  in  cobalt  bonded  bodies  and  to  the  least  extent 
in  chromium  bonded  bodies. 

The  photomicrographs  of  the  etched  specimens  show  a rather 
Interesting  characteristic  of  the  ZrB2  itself.  Many  of  the  grains 
show  raised  portions  which  might  be  described  as  plateaus.  Since 
careful  Inspection  of  Individual  grains  in  the  imetched  state  had 
not  revealed  any  evidence  of  discontinuities  corresponding  to  these 
plateaus,  it  was  concluded  that  this  condition  is  due  to  preferen- 
tial etching. 
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The  microscopic  studies  did  not  effectively  differentiate 
between  the  various  phases  which  the  x-ray  analyses  indicated 
vers  present*  Cobalt  was  revealed  whereas  in  the  x-ray  analyses 
there  was  no  very  strong  indication  of  its  presence*  Solution 
effects  were  evident  in  the  cobalt  and  cobalt-chromium  bonded 
bodies  through  the  growth  and  rounding  of  the  grains.  The  Zr02, 
not  found  in  microscopic  studies,  was  probably  due  to  oxygen 
adsorbed  during  milling  and  was  therefore  well  dispersed.  Thcs 
clusters  of  a gray  material  noted  in  many  bodies  might  possibly 
be  the  "ZrC"  phase  shown  in  x-ray  patterns. 

3.  Physical  Properties  and  Sintering  Characteristics 

The  physical  propertl')S  determined  for  the  ZrB2  bc.se  cermets 
are  given  in  Table  III.  The  procedures  used  in  body  preparation 
are  given  in  Table  II. 

Data  for  the  cobalt  bonded  series  (Bodies  D-1  through  D-7b) 
show  the  beneficial  effects  derived  from  acid  leaching  and  mschan- 
Ical  mixing  of  bodies  containing  Norton  Co.  ZrB2.  The  addition 
of  zirconium,  either  as  the  element  or  as  ZrHp,  did  not  Improve 
ti.6  sintering  characteristics  of  cobalt  bonded  compositions. 

The  densities  of  the  different  metal  bonded  bodies  except 
those  bonded  with  chromium  did  not  closely  approach  the  theoret- 
ical densities  for  such  compositions.  Bodies  containing  Norton 
Co.  ZrBo  had,  except  in  the  case  where  chromium  was  added,  consis- 
tently higher  densities  than  their  AEMC  ZrB2  counterparts. 

The  substitution  of  10  per  cent  chroaium  for  cobalt  in  Body 
D-18  did  not  produce  ar^'  change  in  physical  properties  from  those 
of  the  comparable  cobalt  body.  This  substitution,  however,  was 
made  in  an  attempt  to  increase  the  oxidation  resistance  rather  than 
to  produce  anj  decided  change  in  other  physical  properties.  Simul- 
taneously reducing  the  cobalt  content  aixi  Increasing  the  firing 
temperature  of  the  Co-AEMC  ZrB2  series  (Body  D-17)  likewise  did  not 
effect  much  change. 

The  x-ray  analyses  showed.  In  all  cases,  the  presence  of  con- 
siderable extraneous  material. 

In  general,  all  bodies  were  quite  porous.  Body  properties 
could  probably  be  improved  by  changes  in  processing  techniques 
provided  the  reasons  for  the  alteration  of  constituents  during 
firing  were  clearly  understood. 

The  modulus  of  rupture  values  listed  in  Table  III  are  quite 
low  when  compared  to  values  reported  for  some  of  tJae  more  highly 
developed  TiC  base  cermets.  However,  due  to  lack  of  starxiardi- 
zatlon  in  specimen  size  and  breaking  span,  the  results  are  not 
necessarily  directly  comparable. 

Of  all  bodies  tested,  those  bonded  with  chromium  were  the 
strongest.  The  nodular  nature  of  body  D-11  (Figure  12)  as  com- 
pared to  body  D-1’4  (Figure  15)  explains  the  difference  in  strength 
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of  the  two  bodies.  The  nodular  structure  of  body  D-11  with 
voids  around  the  nodules  and  the  reasons  for  this  condition  have 
already  been  discussed.  Both  bodies  were  fired  to  3275®F,  the 
Unit  of  the  furnace.  An  Increase  in  the  firing  temperatiire  to 
about  34oo®F  would  probably  produce  an  increase  in  strength 
through  a better  bonded  Y>ody. 

There  appears  to  be  a relationship  between  the  strength  of 
the  various  bMles  and  the  amount  of  "glass-like*  phase  present. 
Those  with  the  greatest  amount  of  this  phase  had  the  lowest 
strength. 

4.  Oxidation  Tests 

The  results  of  the  comparative  oxidation  tests  are  shewn  in 
Figixres  26.  27  and  28  and  in  the  x-ray  patterns  shown  in  Figures 
6,  7t  8 ABd  9. 

The  compositions  containing  cobalt,  nickel,  and  cobalt  plus 
chromium  oxidized  badly  during  60  hours  of  heating  at  2000®F  in 
still  air.  The  chromium  bonded  bodies  were  more  resistant  to 
oxidation  but  in  all  cases  the  reaction  was  so  great  that  weight 
change  data  were  not  taken. 

A glass  of  high  B2O)  content  was  quickly  formed  on  the  surface 
of  the  cobalt  bonded  specimens.  As  oxidation  progressed,  the 
glassy  phase  seemed  to  be  concentrated  at  the  oxidlzed-unoxldlzed 
interface  as  It  moved  progressively  into  the  body.  This  left  a 
porous  surface  layer  composed  principally  of  ZrOg  but  containing 
some  CoO*Co203. 

The  nickel  bonded  bodies  had  reacted  severely  after  5 hours 
heating.  The  porous  nature  of  the  bodies  may  have  permitted  rapid 
penetration  of  oxygen.  X-ray  patterns  of  the  oxidized  surfaces 
did  not,  in  general,  contain  peaks  2or  the  original  constituents 
or  of  any  of  the  anticipated  products  of  oxidation.  Body  D-9a, 
however,  was  found  (Figure  7)  to  contain  appreciable  amounts  or 
ZrCp  after  the  60  hours  of  heating  in  air  at  200C®F. 

The  reaction  products  constituted  weak,  porous  layers  which 
could  be  separated  with  ease  from  the  specimens. 

Visual  examination  of  the  specimens  bonded  with  the  cobalt- 
chremius  combination  was  misleading  since  there  appeared  to  only 
slight  surface  oxidation.  Sectioning  of  the  specimens,  however, 
revealed  deep  penetratl  n.  The  x-ray  analysis  showed  a breakdown 
of  the  Co*Cr  solid  solution  with  chromium  being  detected  but  not 
cobalt. 

The  chromium  bodies,  as  was  noted,  were  the  most  resistant  to 
oxidation.  It  is  probable  that  a surface  layer  composed  of  the 
oxides  of  chromium,  zirconium  and  boron  was  formed  in  such  propor- 
tions that  it  did  not  become  fluid  at  2000®F  but  fused  sufficiently 
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to  form  a protective  barrier 


In.  all  cases,  the  principal  oxidation  product  was  ZrOo.  The 
large  quantities  present  are  indicative  of  the  poor  oxidation 
resistcjnce  of  2rB2.  Only  chromium  showed  an  indication  of  pro- 
ducing sintered  bodies  which  had  appreciable  oxidation 
at  2000®F^ 


V.  SUMMARY 

When  zirconium  diborlde  was  milled  in  methanol,  a reaction 
occurred  >rtiich  yielded  a product  having  a very  high  vapor  pres- 
sure. The  product  of  this  reaction  may  be  either  triaethylborlne 
or  pjethyl  borate.  X-ray  patterns  of  such  ZrBp  samplss  fired 
without  metal  additives  indicated  that  a new  but  unidentified 
phase  had  been  developed.  This  could  possibly  have  been  a 
zirconium  compound.  No  detrimental  effects  could  be  directly  attri- 
buted to  the  reaction  or  to  the  new  phase  developed. 

Benzene,  when  substituted  for  methanol  as  the  mall  fluid,  did 
not  appear  to  react  with  the  ZrE2  but  resulting  bodies  had  poorer 
oxidation  resistance  than  those  containing  ZrB2  milled  in  methanol. 
Leach.ing  Norton  Co.  ZrB2  in  acetic  acid  to  remove  iron  produced 
beneficial  results  ^en  the  leached  material  was  used  in  metal- 
ZrB2  bodies. 

Zirconium  diboride  was  bonded  by  additions  of  20  per  cent  by 
weight  of  cobalt,  nickel,  and  chromimn,  or  a mixture  of  ten  per 
cent  cobalt  and  ten  per  cent  chromium  by  firing  in  an  argon  atmo- 
sphere at  temperatures  equal  to  or  above  the  melting  points  of 
the  respective  metals.  All  bodies  consisted  of  a continuous  ZrB2 
skeleton  filled  in  with  the  bonding  metal.  In  all  cases  the  ZrB2 
underwent  considerable  grain  growth.  The  cobalt  bearing  bodies 
developed  the  largest  grains.  The  degree  of  grain  growth  appeared 
to  be  affected  by  the  fluidity  of  the  metals  present.  Bodies 
fired  at  or  near  the  melting  point  of  the  binder  metal  exhibited 
sintering  with  but  little  grain  growth  whereas  bodies  fired  at 
temperatures  appreciably  above  the  melting  point  of  the  binder 
metals  shoved  considerable  grain  growth. 

No  particular  advantage  was  found  in  using  high  purity  2r32 
nor  were  any  radical  structural  differences  noted  for  comparable 
bodies  containing  ZrB2  from  the  two  sources. 

The  zirconium  diboride  cermets  developed  a phase  during 
firing  which  was  conditionally  identified  as  ZrC  on  the  basis  of 
the  x-ray  analyses.  Data  showing  that  this  phase  may  have  been 
a solid  solution  of  ZrC  and  ZrB  were  presented.  Some  inconsis- 
tencies in  the  x-ray  results  were  noted;  In  Isolated  cases,  "d"- 
spacings  could  not  positively  be  assigned  to  specific  compounds. 

Many  of  the  fired  compositions  contained  an  unidentified 
"glass-ilke**  phase.  Tho  amount  of  this  material  varied  with  com- 
position, and  it  was  most  prevalent,  as  determined  optically,  in 
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bodies  containing  cobalt.  Soae  congelation  be  ween  the  amount  of 
this  phase  and  the  modulus  of  rupture  seemed  to  exist. 

No  evidence  of  the  borides  of  the  bonding  metals  was  found  by 
x-ray  analyses  of  the  fired  metal  - ZrB2  combinations.  When  B4C 
vas  deliberately  added,  borides  of  the  bonding  metal  were  easily 
detected. 

Cobalt  was  shown  by  microscopic  techniques  to  be  present  in 
Co-ZrBo  bodies.  The  weak  indication  of  Co  by  x-rays  may  be  ss- 
plained  by  Wyckoff's  mixed  packing  theory.  Chromiiun  and  nickel 
were  found  by  both  techniques. 

The  bodies  tested  had  only  moderate  transverse  strength. 

The  physical  properties  of  the  bodies  could  probably  be  improved 
by  changes  in  processing  techniques  which  would  be  contingent  upon 
an  understanding  of  the  reason  for  the  appearance  of  new  phases 
and  their  subsequent  aliminatton. 

The  resistance  to  oxidation  was  toolow  for  these  bodies  to 
bo  serivWsly  considered  for  use  at  2000"?  in  oxid  spheres. 
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ItTire  1,  - Tungsten  Coll  Resistance  Furnace  and  Auxiliary  Eq^iipment 
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Figure  la.  - Schematic  Diagram  of  Tungsten  Coll  Resistance  Furnace  and  Auxiliary  Equipment 


Figure  2.  - Tungsten  Grid  Resistance  Furnace  and  Aioxillary  Ekjulpment 
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Figure  2a.  - Schematic  Diagram  of  Tungsten  Grid  Resistance  Furnace  and  Auxiliary  Equipment 


Figure  3»  “ Original  Modulus  of  Rupture  Test  Apparatus 


Figure  V.  - Simplified  Modulus  of  Rupture  Test  Apparatus 
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Figure  5*  - X-ray  Diffraction  Patterns  of  Zirconiuni  Dlboride 
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Fignr*  7.  - x-ray  Ol/fraetlon  Pattarsa  of  Zlroo&iun  Dil?crlde  - Nickel  Bodies 
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Flgur.  8.  T-r«T  Diffraction  Pattarns  of  Zlrcordua  Diborida  - Chroalum  Bodies 
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Figure  ?.  - 


X-ray  Diffraction  Patterns  of  Zirconium  Dlboride 
Chromium  Bodies 
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Body  D-7a  Density  6.54g/cc 

2900® F 

20^  Co-80^  Norton  Co.  ZrB2 


Fig.  10 


Body  D-11  Density  6 40<?/co 

5275®F 

20%  Cr-80%  Norton  Co.  zrB2 


Fig.  12 
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Body  D-9a  Density  6.05g/cc 

3100“F 

20%  Nl-80%  Norton  Co.  ZrB2 
Fig.  11 


Body  D-12  L<jnsity  5.'+8g/cc 
2900* F 

20%  Co -80%  AEMC  ZrB2 


Fig.  13 


Photomicrographs  showing  the  porosity  of  the  fired  specimens  lOOX 
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ilody  D-I3  Dens  it; 
•ilOO^F 

2058  N1-80JJ  AEMC  2rB2 
Fig.  14 


■y^< 


Density  5«71g/cc 


Body  D«14  Density  6.36g/cc 
32750F 

20%  Cr-80%  AEMC  ZrB2 
Fig.  15 
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Body  D-17  ’ ' Density  5.63g/cc  Body  D-I8  Density  5.95g/cc 

BOeO'^F  3275®F 

15%  Co-85%  AEMC  ZrB2  10%  Co-lC%  Cr-80%  AEMC  ZrB2 

Fig.  16  Fig.  17 

Photcjujicrograpbs  showing  th«  poiosity  of  the  fired  ftpeclmens.  lOOiA 
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a.  Unerciied  b.  Etched  5 minutes  in  a solu 

tlon  of  4 parts  485^  HF,  2 
parts  cone,  HNO3  plus  94 
parts  methanol. 

Rounded  grains  are  ZrB2  vhlch  show  considerable  grain  growth. 
The  light  areas  around  the  grains  are  cobaln.  The  black  areas  are 
a glassy  material. 

Fig.  18  Photomicrograph  of  polished  section  of  body  D-Th.  - 20^? 

cobalt,  80%  Norton  Co.  ZrBp  fired  at  2900®F  In  argon. 


• e 
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ISaetched 


b.  Etched  5 minutes  li.  a solu 
tlo'a  of  4 parts  48}f  KF,  2 
parts  cone.  HKO3  plus  94 
parts  raetbanol.' 


Light  grey  grains  are  ZrBp  which  show  slight  grain  growth.  The 
dark  grey  grains  are  ZrC.  The  black  areas  are  a glassy  material. 

Fig.  19  Photomicrograph  of  polished  section  of  body  i)-9a  - 20^ 
nickel,  80%  Norton  Co,  ZrBo  - fired  at  3100®I‘  in  argon. 
lOOOX 
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a.  Unetched 


A-^  > 

■ fa 


\ 


b.  Etched  5 minutes  In  a solu- 
tion of  4 parts  48^  HF,  2 
parts  cone.  HNOo  plus  94 
parts  methanol. 


The  whitish  grains  are  ZrBo  which  shows  considerable  grain  growth 
The  background  material  is  chromium.  The  grey  grains  are  ZrC,  The 
black  areas  .aire  a glassy  material. 

Fig.  20  Photomicrograph  of  polished  section  of  body  D-11  - 20JK 

chromliim,  805?  Norton  Co.  ZrB2  - fired  at  3275°F  in  argon. 
lOOOX 


a.  Onetched 


b.  Etched  5 minutes  in  a solu- 
tion of  4 parts  48^  HF,  2 

parts  methanol.'^ 


Light  area  is  ZrB2  a matrix  of  cobalt.  Black  areas  are  a 
glassy  phase. 

Fig.  21  Photomicrograph  of  polished  section  of  body  D-12  - 20^ 
cobalt,  80%  /..EMC  ZrB2  fired  at  2900°F  in  argon.  lOOOX 


WADC  TR  5*^-194 


33 


r'V 


a.  unetched 


b.  Etched  5 minutes  in  a solu- 
tion of  4 pa?ts  485^  HF,  2 
parts  cone.  HNO^  plus  94 
parts  methanol. 


The  light  colored  grains  are  ZrBg  In  a matrix  nickel.  The 
grey  grains  are  ZrC.  The  black  areas  arc  a glassy  phase. 


Pig.  22  Photomicrograph  of  polished  section  of  body  D-I3  - 20?' 

nickel,  80%  AE'.J  ZrB2  fired  at  3100=?  in  argon.  lOOOX 
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Unetched 


b.  Etched  5 minutes  in  a solu- 
tion of  4 parts  48a  K'4  2 
parts  cone.  HNO^  plus  94 
parts  methanol. 


Light  colored  grains  are  ZrBp  in  a matrix  of  chromium.  The 
grey  grains  are  ZrC.  The  black  areas  are  a glassy  phase. 


Fig.  23  Photomicrograph  of  polished  section  of  body  D-l4  - 20^ 
chromium  80?b  AEMO  ZrB2  fired  at  3275°F  in  argon.  ICOOX 
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a.  Unetched  b.  Etched  5 minutes  in  a solu- 

tion of  V parts  48^  HF,  2 
parts  cone.  HNO3  plus  94 
parts  methanol. 

Light  colored  grains  are  ZrB2  In  a matrix  ■ f cobalt.  Black 
areas  are  a glassy  phase.  The  grey  grains  are  ZrC. 

Fig.  24  Photomicrograph  of  polished  section  of  body  .0-17  “ 15% 
cobalt,  85%  AEMC  ZrE2  fired  at  3060®F  in  ajgon.  lOOOX 


I 


1 


a.  Unetched  b»  Etched  5 minutes  in  a solu- 

tion of  4 parts  48%  HF',  2 
parts  cor;c.  HNO3  plus  94 
parts  methanol. 

Light  colored  grains  are  ZrB2  which  shows  appreciable  growth 
and  coale scensfe.  The  matrix  material  is  an  alloy  of  cobalt  and 
chromium.  Kie  grey  grains  are  ZrC.  The  black  areas  are  a glassy 
phase. 

Fig.  25  Photomicrograph  of  polished  section  of  body  D-I8  - 10% 
cobalt,  10%  chromium,  80%  kc'-VC  Zr32  fired  at  3275®F  in 
argon . lOOOX 
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Svirtace  of  the  specimen  fired 
in  argon  at  2900®F..  Dark 
area  is  the  result  of  diamond 
grinding. 


Surface  of  bar  (a)  after  5 hrs 
at  2000<*F  in  air.  Show*  large 
areas  of  glass  for'uiatlon. 

White  powdery  material  is  ZrOg 


Section  through  bar  (a)  after 
60  hours  at  .?000*'F  in  air* 
Shows  uncxidized  material  in 
the  oxidized  layer. 


Photomicrographs  of  Body  D-7a  - SOJS  Norton  Co.  ZrB2  pi 
showing  the  effects  of  oxidation  at  :2000®F. 


a,  o'urface  of  the  specimen  fired 
in  argon  at  3275'^ F. 


Surface  of  tlie  test  specimen 
(a)  after  60  hours  at  2000®F 
in  air. 


Section  throxogh  the  test 
specimen  (b)  shoving  the 
dleed  l»yerj  sone  of  reaction 
and  the  s-aln  body. 


Figure  27  Photomicrographs  of  body  D-11  - B0%  Norton  Co 
Cr  showing  the  effects  of  oxidation  at  2000*F. 
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a.  Surface  of  the  specimen  fired 
in  argon  at  3275° F. 


b. 


surface  of  the  tcr-t  specimen 
(a)  after  60  hours  at  2000 'F 
In  air. 


7X 


Section  through  the  test 
specimen  (b)  showing  the  zone 
of  oxidation  and  the  exten- 
sive oxide  layer. 


70X 


Figure  28  Photomicrographs  of  body  D-l6  - 805f  AEMC  ZrBo,  lO^i^  Co  plus 
10%  Cr  showing  the  effecti;  of  oxidation  at  2000°F. 
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tablo  I.  - Properties  of  Coastituents  of  Metal  Bonded  Zlrcc- 
Diborlde  Bodies 


Materlil  Supplier  Purity  Particle  size 

- _sa_ received 


ZrB,^^^ 

Norton  Co. 

96(2) 

4o  microns  and  finer 

ZrB2 

American  Electro 
Metals 

99 

2-4  microns  ^e 

A.  D.  Mackay 

99 

9'“14  microns 

Co 

A.  D,  Mackay 

99 

300  mesh 

Cr 

A.  D.  Mackay 

99 

4o  microns  and  finer 

(1)  Lot  No.  D-12,  185 
Zr  - 78.Mfje 
B - 18.7^ 

C - 0.46 
Pe  • 0 . 42 


(2)  Estimated  from  chejnlcal 
analysis.  This  material 
contains  boron  in  excess 
of  that  required  for  the 
Zr  present. 
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Tabli!)  JI.  i*'  RjcpQrimeiCiti&l  Bonded  Zirconium  Oiboride  Conpositlons 

— Per  CeMti  by  Veigiit — 
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